Abstract Mutations in the VHL gene cause von Hippel-Lindau disease, a cancer predisposing syndrome characterized by a variety of benign and malignant neoplasms. We report the molecular characterization of two sequence variants of the VHL gene: a synonymous substitution c.462 A>C in exon 2 and a duplication of 11 bp in the promoter region (c.-65_ -55dup11). The first variant is a pathogenic mutation because, although it does not change the sense of the affected codon, it causes skipping of exon 2 in the affected allele by altering the splicing consensus site at the 3¢ end of exon 2. The 11 bp duplication represents a nonpathogenic variant. In fact, although it affects a critical region of the VHL promoter, it was found in healthy controls, and we show that carrier individuals express both VHL alleles at equimolar levels. Our data underline the importance of careful evaluation of the potential pathogenicity of sequence variants that may not belong to the obvious disease-causing mutation categories, or that affect relevant regulatory regions. mRNA analysis will be required to ultimately resolve this issue.
Introduction
The VHL gene (GenBank NM_000551) is a tumor suppressor gene located on chromosome 3p25 that encodes a 213 aa protein belonging to the ubiquitin ligase family. Mutations in VHL cause von HippelLindau disease (MIM 193300) , a dominantly inherited familial cancer syndrome predisposing to a variety of malignant and benign neoplasms, including retinal, cerebellar, and spinal hemangioblastoma, clear cell renal carcinoma and pheochromocytoma (Maher et al. 1991) .
The disease is typically manifest after the second decade of life, although earlier onset is frequent. Penetrance is virtually complete by 60 years of age.
To date, missense, nonsense and frameshift mutations have been associated with the disease, as well as large-scale deletions and intronic mutations that alter mRNA splicing (Maher et al. 1991; Kaelin and Maher 1998) ; the pathogenicity of some sequence variants of the VHL gene is, however, still difficult to establish.
In this work we describe the molecular characterization of two such variants: a synonymous substitution in exon 2, and the duplication of 11 nucleotides in the promoter region.
Materials and methods
Patient 1 is a 43-year-old woman who was diagnosed with von Hippel-Lindau disease because of the presence of a retinal angioma and a cerebellar hemangioblastoma. We performed a complete molecular analysis of the VHL gene on genomic DNA of the proband and her asymptomatic 44-year-old brother and 31-year-old sister. The male individual tested negative while the sister was found to harbor the same alteration as in the proband. A magnetic resonance scan in this latter subject revealed the presence of a spinal hemangioblastoma.
Patient 2 is a 40-year-old male affected by cerebellar hemangioblastoma and renal oncocytoma. Patient 3 is a 12-year-old boy affected by isolated hemangioblastoma of the central nervous system. Patient 4 is a 16-year-old girl referred to our center for VHL testing due to an isolated retinal angioma. Family history in these latter three patients was unremarkable.
Signed informed consent prior to VHL molecular analysis was obtained from each tested individual.
Genomic DNA analysis
Genomic DNA was extracted from peripheral blood lymphocytes using standard protocols. VHL gene dosage was evaluated by quantitative Southern blot or real-time quantitative PCR analysis, as described (Stolle et al. 1998; Casarin et al. 2006) . The coding region of the VHL gene was studied by direct sequencing as described (Murgia et al. 2000) . PCR fragments obtained using primers 1AF (5¢ GA-AATACAGTAACGAGTTGGCCTAGC 3¢) and 1AR (5¢ ACCTCGGCCTCGTCCCAGT 3¢) containing the identified -65_-55dup11 variant were separated on a 2.5% agarose gel. Individual bands were excised and DNA was recovered using a Qiaquick Gel extraction kit (Qiagen, Hilden Germany). The purified amplicon with the 11 bp insertion was cloned with a TOPO TA Cloning kit (Invitrogen, Carlsbad, CA) and sequenced using T7 primers according to the supplier's protocol as previously described (Salviati et al. 2004 ).
mRNA analysis
Total mRNA was extracted from peripheral blood lymphocytes using RNA-Bee (TEL-TEST, Friendswood, TX) according to the manufacturer's protocol.
cDNA was synthesized using a Superscript II kit (Invitrogen) and random hexamers, according to the manufacturer's protocol, and then amplified using primers 1CF (5¢ GTGCTGCGCTCGGTGAACTC 3¢) and 3R (5¢ CAAGACTCATCAGTACCATCAAAA GCTG 3¢). PCR conditions were as follows: 94°C 12 min; (94°C, 1 min; 63°C, 1 min; 72°C, 1 min) 40 cycles; 72°C, 10 min. PCR products were separated on a 10% acrylamide gel and visualized by silver staining. An aliquot of the PCR products was also separated in a 2% agarose gel. Bands were excised, purified as above, then sequenced using both amplification primers, and primer 2ex F (5¢ AGGTCACCTTTGGCTCTTCAGA 3¢) specific for the full-length VHL transcript.
PCR-RFLP analysis
The c.462 A > C variant was studied by means of a nested PCR protocol. An aliquot of the cDNA fragment, amplified with primers 1CF and 3R, and a genomic amplicon were re-amplified with primers P154Pmis F (5¢ GACAGCCTATTTTTTGCCAATAT CACACTGGC 3¢) and either 3R (cDNA) or 2R (genomic DNA). A mismatched nucleotide in primer P154Pmis F creates a HaeIII site in the mutant allele. PCR conditions were: 94°C, 12 min; (94°C, 1 min; 63°C, 1 min; 72°C, 1 min) 15 cycles; 72°C, 7 min. PCR fragments digested by HaeIII (Roche, Basel, Switzerland), were separated on a 12% acrylamide gel, and visualized by silver staining. The c.1149 A/G polymorphism was assayed as described (Glä sker et al. 2001) .
Results
PCR-SSCP and direct sequencing of the VHL gene of patient 1 showed a heterozygous A>C nucleotide change at position c.462 of exon 2 (Fig. 1a) . This substitution does not alter the sense of the corresponding codon (CCA>CCC, Pro>Pro). It was previously listed as a variant of unknown biological significance although predicted in silico to possibly disturb the splicing process of the gene (Olschwang et al. 1998) . The mutation was present in the affected sister and absent in unaffected family members, as well as in 100 healthy controls. We detected no other nucleotide change in the affected individuals, and quantitative evaluation of the VHL gene dosage was also normal, excluding the possible presence of deletions undetected by conventional PCR techniques.
This substitution, however, affects the AG splicing consensus site at the 3¢ end of exon 2. In order to demonstrate the presence of a splicing alteration, we amplified VHL cDNA from the patient's peripheral blood lymphocytes. Two different transcripts of the VHL gene are normally present: a full-length transcript comprising exons 1, 2 and 3, and a shorter one, comprising only exons 1 and 3, the physiological significance of which is still unknown (Latif et al. 1993 ). The patient expressed both mRNAs and no abnormal transcripts were noted; however, the relative abundance of the full length form was apparently reduced in comparison to controls (Fig. 1b) . Furthermore, sequencing of the PCR fragment demonstrated that the full-length transcript in the affected subject derived only from the wild-type allele (Fig. 1c) . To confirm these data, and increase our sensitivity in detecting even small amounts of the mutant allele, we performed PCR-RFLP analysis of the mutation in both genomic and cDNA. The mutant allele was found in genomic DNA, while it was totally absent from the cDNA (Fig. 1d) , indicating that the full length VHL transcript was expressed only from the wild type allele.
Molecular analysis of the VHL gene in patients 2, 3, and 4 did not detect pathogenic mutations in the coding region of the gene or in intron-exon boundaries, but revealed the presence of a duplication of 11 bp in the promoter region (c.-65_-55dup11) (Fig. 2a-c) . Quantitative Southern blot/real-time quantitative PCR analyses were normal in these three patients, who had all inherited the duplication from a nonsymptomatic of VHL exon 2 products amplified from genomic DNA and cDNA. Lanes: M Molecular weight marker (pBR322/HaeIII);1, 2 undigested and digested genomic DNA of patient 1; 3, 4 undigested and digested genomic DNA of negative control sample; 5, 6 undigested and digested cDNA of patient 1; 7, 8 undigested and digested cDNA of negative control sample parent. Two siblings of patient 2, aged over 40 and also carriers of the same variant, underwent a thorough clinical evaluation, which was judged as negative. This variant was found in 1/100 control individuals.
Nevertheless, the 11 bp duplication is located within the promoter region of the VHL gene, in the vicinity of the main transcription initiation site (Kuzmin et al. 1995) , and within the putative binding site of several transcription factors (Zatyka et al. 2002) . We therefore investigated the possibility that the variant could alter transcription of the gene from the affected allele.
Patient 4 was informative for a known polymorphic variant on the 3¢UTR of the VHL gene (c.1149 A/G). As in the characterization of the mutation in patient 1, we took advantage of the presence of a sequence variant to discriminate expression of individual VHL alleles using a PCR-RFLP assay. Although not precisely quantitative, this approach showed that both alleles were expressed in apparently equimolar amounts (Fig. 2d) suggesting that the 11 bp duplication has no effect on expression of the affected allele.
Discussion
It is often difficult to establish pathogenicity of novel sequence variants discovered during mutational analysis in affected individuals. We have utilised a simple strategy to study the effect of two sequence variants on the pattern of transcription of theVHL gene.
Our data show that c.462 A > C is a pathogenic mutation affecting splicing of the VHL transcript. Several sequences within exons are recognized by the spliceosomal machinery, in particular, the last two nucleotides at the 3¢ end of exons are essential in the splice donor consensus sequence (Cartegni et al. 2002) . This mutation does not change the sense of the codon involved (both CCA and CCC encode proline), but it disrupts the splicing consensus at the 3¢ end of exon 2. The affected mRNA cannot undergo correct maturation, and in fact, in our patient, full-length transcripts encoding active VHL protein derive only from the wild type allele. The consequences of this mutation on mRNA maturation are particularly severe; some splice-site mutations still allow the synthesis of small amounts of the normal transcript from the mutated allele (Moller et al. 2000) , while in our case this seems to be completely abolished.
The second variant, in contrast, appears as a neutral polymorphism. Despite the fact that the duplication involves a critical region of the VHL promoter, it does not seem to have any appreciable impact on transcription of the affected allele. Although a subtle difference in the amount of the two transcripts cannot be excluded, our data indicate apparently equivalent levels of expression from both alleles. A strong argument in support of our hypothesis is the presence of the same variant in healthy relatives of our patients as well as in 1/100 control individuals.
Definition of the pathogenicity of a sequence variant is crucial in providing genetic counselling to probands and their families, as well as for their clinical management. We were in fact able to detect the presence of a spinal hemangioblastoma in the clinically asymptomatic sister of patient 1, who was also found to be carrier of the c.462 A>C mutation. On the other hand, we informed the relatives of individuals carrying the 11 bp duplication, that this is highly unlikely to be a pathogenic variant and is therefore not related to the tumors identified in the patients. It is interesting to note that the frequency of this variant has been found to be similar in the general population as in individuals referred to us for VHL-related tumors (1/100 vs 3/270).
We would like to draw attention to the importance of considering the potential pathogenic effects of sequence variants that may not belong to the obvious disease-causing mutation categories. Nucleotide variants within exonic sequences, even though not causing amino acid substitutions, may prove relevant for the proper function of splicing mechanisms; conversely, not all alterations in critical regulatory regions of a gene result in abnormal gene expression.
